Paclitaxel and rapamycin have been reported to act synergistically to treat breast cancer. Albeit paclitaxel is available for breast cancer treatment, the most commonly used formulation in the clinic presents side effects, limiting its use. Furthermore, both drugs present pharmacokinetics drawbacks limiting their in vivo efficacy and clinic combination. As an alternative, drug delivery systems, particularly liposomes, emerge as an option for drug combination, able to simultaneously deliver co-loaded drugs with improved therapeutic index. Therefore, the purpose of this study is to develop and characterize a co-loaded paclitaxel and rapamycin liposome and evaluate it for breast cancer efficacy both in vitro and in vivo. Results showed that a SPC/Chol/DSPE-PEG (2000) liposome was able to co-encapsulate paclitaxel and rapamycin with suitable encapsulation efficiency values, nanometric particle size, low polydispersity and neutral zeta potential. Taken together, FTIR and thermal analysis evidenced drug conversion to the more bioavailable molecular and amorphous forms, respectively, for paclitaxel and rapamycin. The pegylated liposome exhibited excellent colloidal stability and was able to retain drugs encapsulated, which were released in a slow and sustained fashion. Liposomes were more cytotoxic to 4T1 breast cancer cell line than the free drugs and drugs acted synergistically, particularly when co-loaded. Finally, in vivo therapeutic evaluation carried out in 4T1-tumor-bearing mice confirmed the in vitro results.
Introduction
Cancer is a complex and highly heterogeneous disease, characterized by indefinite cell growth by different mechanisms, which makes single treatment suboptimal [1] . Among the types of cancer, breast cancer is the most common and lethal in women worldwide [2] . Metastatic breast cancer, developed by 30-40% of patients, represents a great cause of concern, once most patients die from breast cancer metastasis rather than the primary tumor. Therefore, in these cases, the goal of therapy is to delay progression of disease, to improve quality of life and to prolong survival. Among the types of breast cancer, the triple-negative breast cancers, which account for 10 to 17% of all cases and lack expression of estrogen receptor (ER), progesterone receptor (PR) and human epidermal growth factor receptor 2 (HER2), are considered the most aggressive with poor clinical outcome, therefore requiring new therapeutic options [3] .
In breast cancer chemotherapy, taxanes represent one of the most effective anticancer drugs available in the clinic. Paclitaxel, the prototype of class, also employed in the treatment of ovarian, head and neck, and non-small cell lung cancers, binds to the β-subunit of tubulin, causing the disruption of the cytoskeleton framework necessary for the tumor cell replication and metastatic spread, thus preventing cell division [4, 5] . Paclitaxel faces unfavorable pharmacokinetics. It undergoes extensive tissue distribution, with 90-95% protein binding, has variable systemic clearance, with average clearance ranging from 87 to 503 mL/min/m 2 (5.2-30.2 L/h/m 2 ). Paclitaxel is metabolized by the liver to 3 primary metabolites, with involvement of cytochrome P450 [6] . Nonetheless, a major problem of paclitaxel treatment is the development of drug resistance [5] .
As an alternative to address this drawback, combination strategies emerge as an approach to enhance the therapeutic efficacy, especially if the combined drugs differ in their mechanism of action, acting synergistically to target multiple key pathways in carcinogenesis and tumor progression [7, 8] . Within this context, rapamycin, a macrolide antibiotic used as immunosuppressant, is known to be a potent mTOR (mammalian target of rapamycin) inhibitor and has been reported to enhance the sensitivity to paclitaxel and act as a multidrug resistance reversal agent [9] [10] [11] . The mTOR is a serine threonine kinase, downstream mediator in phosphatidylinositol 3-kinase (PI3K) pathway, involved in multiple biologic functions for cell survival, such as transcriptional and translational control [12] . The mTOR pathway is frequently activated in malignant transformation of certain human cancers, such as breast cancer [13] . In addition, rapamycin and its analogs have been extensively evaluated in clinical trials for breast cancer treatment, alone or in combination with paclitaxel and other drugs [14] . In terms of pharmacokinetics, it has poor oral absorption with wide distribution in tissues and has inter-and intrapatient variability in drug clearance. Furthermore, the drug is biotransformed by the cytochrome P450 3A4, resulting in extensive drug-drug interactions. Finally, the drug suffers from long elimination half-life [15] . the surfactant cremophor EL (polyethoxylated castor oil) and dehydrated ethanol. However, this formulation is associated with severe hypersensitivity reactions, including neurotoxicity and neutropenia. Furthermore, the formulation requires non-plasticized containers, due to the leaching of plasticizer diethylhexylphtalate caused by the contact between the formulation with the plastic infusion set [16, 17] . Rapamycin is poorly aqueous soluble, has low oral bioavailability, undergoes major sequestration by erythrocytes and is chemically unstable, which altogether limit its employment in cancer therapy [18, 19] .
The poor clinical outcome associated with conventional chemotherapy has stimulated the development of nanotechnology-based drug delivery systems, such as polymeric micelles, liposomes and dendrimers, with resultant improvement in cancer treatment. These colloidal delivery systems are able to improve unfavorable pharmacokinetics of drugs, with consequent protection against drug degradation, sustained release and reduction of side effects [20] . Furthermore, nanoparticles can be passively accumulated in tumors through their leaky vasculature due to the enhanced permeability and retention (EPR) effect [21] . Of particular interest in drug delivery are liposomes, lipid vesicular systems, extensively studied in clinical trials for anti-cancer, anti-fungal and anti-bacterial drugs, with many products on the market nowadays [22] .
Although rapamycin and particularly paclitaxel have been already loaded separately in different delivery systems, such as dendrimers, polymeric nanoparticles, micelles and liposomes, the co-encapsulation of both drugs in liposomes has never been reported [23] [24] [25] [26] [27] . Noteworthy, the "same time, same place" delivery of paclitaxel and rapamycin could be an efficient strategy for in vivo synergism [11] . Thus, in this paper, we aim to develop and characterize a novel liposomal formulation for colocalized delivery of paclitaxel and rapamycin, and evaluate it for breast cancer treatment both in vitro, in 4T1 cell line, and in vivo in 4T1-tumor-bearing mice.
Material and methods

Materials
Soy phosphatidylcholine (SPC), cholesterol (Chol), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethyleneglycol)-2000](DSPE-PEG), dipalmitoylphosphatidylcholine (DPPC), and 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) were purchased from Avanti polar lipids (Alabaster, AL, USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and DMSO were purchased from Sigma Aldrich Co. (St. Louis, MO, USA). Paclitaxel (PAC) was supplied by APIChem (China). Rapamycin (RAP), solvents (chloroform, acetonitrile and DMSO) and the dialysis membrane were obtained from Fisher (Pittsburgh, PA, USA). Sepharose CL-4B was purchased from GE Healthcare (Pittsburgh, PA, USA). Sodium lauryl sulfate was supplied by Henrifarma (Brazil). Antibiotic/antimycotic solutions, fetal bovine serum (FBS), RPMI-1640 medium were obtained from Gibco (Grand Island, NY). 4T1 (ATCC®CRL-2539™) cells were obtained from the American Type Culture Collection (ATCC) and cultivated according to its instructions.
Development of PAC and RAP-loaded liposomes
Liposomes were prepared by the hydration of the thin lipid film. The composition based on SPC:Chol:DSPE-PEG (2000) was employed for both PAC and RAP-loaded liposomes. RAP and PAC to total lipid ratios were 1:10 and 1:33, respectively. Briefly, lipids and drugs were dissolved in chloroform, which was evaporated in rotary evaporator for 30 min at 65 °C. Then, the lipid film was hydrated with phosphate buffer (pH 7.4) during 30 min at 100 rpm. The formulations were extruded 5 times in 0.2 μm membrane and 3 times in 0.1 μm membranes, filtered (0.45 μm) in PVDF (polyvinylidene difluoride) membranes and purified by gel filtration chromatography in a sepharose CL-4B column.
Physicochemical characterization
2.3.1. Determination of encapsulation efficiency of PAC and RAP-First, the encapsulated drug was separated from the free drug by filtration in PVDF membranes and further purification was done in sepharose CL-4B column. The total liposome fraction (obtained previously to purification) and the purified liposomal fraction (fractions 4-6) were solubilized in DMSO for liposomal rupture and drug solubilization. The samples were diluted with acetonitrile and finally sonicated for 10 min, filtered (0.22 μm) in PTFE (polytetrafluorethylene) membranes and then analyzed in triplicate by spectrophotometry (RAP) at 277 nm and HPLC (PAC). The HPLC method for PAC quantification employed mobile phase composed of water:acetonitrile (50:50, v/v), at a flow rate of 1 mL/min, wavelength at 227 nm and injection volume of 20 μL, using a C18 Lichrospher® column (Merck). The methods were validated according to the ICH (Harmonized Tripartite Guidelines) for selectivity, linearity, precision, accuracy, detection and quantification limits [28] . The encapsulation efficiency (EE) was calculated according to the equation: 2.3.2. Particle size and polydispersity index analyses-Dynamic light scattering was employed for particle size and polydispersity index determination at 25 °C, using the Zetasizer 3000HSa (Malvern Instruments) under a HeNe laser operated at 4 mV and wavelength at 633 nm.
2.3.3.
Zeta potential determination-Zeta potential was determined by electrophorectic mobility of dispersed drops under an electrical field, using Zetasizer 3000HSa equipment.
Transmission Electron Microscopy (TEM)-Samples
were placed on a copper grid, allowed to absorb and then excess sample was removed. Subsequently, a drop of 1% (w/v) aqueous solution of uranyl acetate was added for negative staining. After 2 min, excess liquid was removed and the sample was dried at room temperature. The analyses were carried out on a JEOL JEM-100CX2 transmission electron microscope with an acceleration of 100 kv [29] .
Fourier Infrared Spectroscopy (FTIR) analyses-A Shimadsu
IRPrestige-21 equipment was employed. For the analyses, samples were lyophilized with sucrose as cryoprotectant (5/1, molar ratio of sucrose per total lipid) and ground and mixed with potassium bromide, by compressing the powders in a hydraulic press. Scans were obtained at a resolution of 2 cm −1 from 4000 to 400 cm −1 . In the experiment, it was ensured that the method had enough sensitivity to detect the amount of loaded drugs.
Differential Scanning Calorimetry (DSC) analyses-A Jade Perkin
Elmer equipment was used. The samples, previously lyophilized were placed in aluminum pans and heated from 15 °C to 250 °C at a rate of 10 °C/min, under nitrogen pressure of 3 kgf/ cm 2 . Calibration was performed using indium and n-octadecane as reference materials. In the experiment, it was ensured that the method had enough sensitivity to detect the amount of loaded drugs.
Thermogravimetry analysis (TGA)-TGA was carried out with a
PerkinElmer 4000 instrument calibrated with standard weights. The lyophilized samples were weighted and heated from 15 °C to 400 °C at a rate of 10 °C/min, under nitrogen pressure of 2 kgf/cm 2 .
2.3.8.
Colloidal stability-Co-loaded PAC and RAP liposome suspension stability was assessed for percentage of the initial drug loading, particle size and polydispersity index for 30 days of storage at 4 °C 2.3.9. In vitro drug release-PAC and RAP solutions (formulated in cremophor EL40 and dehydrated ethanol) and lyophilized liposomes containing PAC and RAP, coencapsulated or not, evaluated for release in 50 mL 7.4 phosphate buffer containing 1% sodium lauryl sulfate with agitation speed at 150 rpm. In this study, samples were dispersed in 1 mL of PBS buffer, pH 7.4, and placed inside PVC tubes wrapped with 12-14 kDa MWCO (molecular weight cut-off) cellulose dialysis membranes (Fisherbrand) and connected to the dissolution shafts of the apparatus 1 (SR8 Plus, Hanson Coorporation) [30] . Samples were collected until 72 h, diluted with acetronitrile, filtered, and analyzed by the HPLC method described previously described for PAC. For RAP quantification, an HPLC method was employed with mobile phase composed of water:acetonitrile (25:75, v/v), at a flow rate of 1.6 mL/min, at 40 °C, detected at 277 nm wavelength, with and injection volume of 20 μL in a C18 Lichrospher® column (Merck).
Cell culture
2.4.1. Cytotoxicity evaluation in 4T1 cell line-Cytotoxicity was evaluated in 4T1 cell line obtained from ATCC (CRL 2539 TM ) cultivated in RPMI-1640 supplemented with 10% FBS and 1% antibiotic/antimycotic solution. Cells were trypsinized and then seeded onto 96-well flat-bottom tissue-culture plates (10.000 cells/well) and incubated in 5% CO 2 incubator for 24 h. After complete culture medium removal, the wells were washed with PBS pH 7.4, the diluted experimental groups were added and the plates were incubated at 37 °C for 72 h. After incubation, the wells were washed with PBS and incomplete fresh medium with MTT solution (2,5 mg mL −1 ), followed by incubation for 4 h at 37 °C. Then, the medium containing MTT was replaced for DMSO to dissolve the MTT formazan crystals. The absorbance was read at 570 nm. The concentration resulting in 50% cell death (IC50) was calculated from concentration-effect curves, considering the optical density of the control well (non-treated cells) as 100%. After injection, the time for tumor appearance was 10-14 days, when the treatment was started [32] . Lyophilized liposomes and negative and positive controls were diluted in PBS buffer, pH 7.4, prior to administration. The theoretical dose of PAC and RAP administered were 5 mg/kg and 15 mg/kg, twice a week, totalizing 5 administrations [11] . Groups received intraperitoneal injection as follows: (I) saline (negative control); (II) PAC solution; (III) PAC liposome; (IV) RAP solution; (V) RAP liposome; (VI) PAC RAP solution; (VII) PAC RAP liposome (n = 5 in each group). The tumor volume and body weight were recorded for all tumor-bearing mice until the end of the study, after which animals were euthanized with overdose of anesthetics. The length and width of the tumors were measured every 2 days using a caliper and the tumor volume was calculated with the equation: (width 2 ×length)/2. To compare groups, relative tumor volume was calculated at each measurement point. The values were calculated through the tumor volume at a given time point divided by the tumor volume prior to first treatment, in percentage, according to Lu et al., [33] . At the end of the experiment, the tumors had an average volume of 485 mm 3 , and the maximum tumor volume allowed was 1100 mm 3 . After completion of the study, the tumors were removed, photographed and submitted to histological evaluation by anti-Ki67 antibody staining.
Combination index determination in
Statistical analysis-
The results were presented as mean ± standard deviation (SD). Student t test was used and statistical significance was set at P < 0.05.
Results and discussion
Formulation development
For the preparation of liposomes, different formulation variables were considered, such as the type of lipid employed for drug encapsulation, the drug to lipid ratio, the effect of Chol and pegylation, because of their influence on drug encapsulation and delivery [20] . For PACloaded liposome preparation, the drug to lipid ratio employed was fixed at 1:33, which has been previously reported, considering that higher PAC molar concentrations could result in precipitation because of drug tendency to undergo concentration-dependent aggregation in hydrophobic environments [34, 35] . In the case of RAP encapsulation, the first step of the study corresponded to the optimization of the drug to lipid ratio, aiming at the balance of reduced particle size and high encapsulation efficiency (unpublished results). The best results were achieved with the ratio at 1:10, with small particle, higher values of RAP encapsulation efficiency and negative zeta potential.
Among other lipids initially evaluated, SPC resulted in a better lipid for RAP encapsulation, because it forms less rigid lipid bilayer, enabling higher drug encapsulation. For PAC encapsulation, SPC was also employed, considering the many reports on PAC encapsulation employing natural PC [26, 34, 36] . Another component employed in the formulations is Chol, a lipid used for better in vitro and in vivo liposome stability [37] . On the other hand, our unpublished results showed that the presence of Chol reduced both RAP and PAC encapsulation, in accordance with other reports stating that Chol is more rigid than SPC and thus restricts the lipid bilayer flexibility, preventing the drug from accommodating within the vesicle [4, 35, 38] . Noteworthy, Haeri and collaborators defined as 25 mol% the maximum amount of Chol that can be added to liposomes containing RAP, once higher ratios of Chol may induce rapid vesicle aggregation [27] .
Finally, the third lipid employed in the formulations is DSPE-PEG 2000, with the purpose of longer blood circulation times, due to the steric hindrance effect of polyethylene glycol (PEG), resulting in reduced uptake by the mononuclear phagocytic system (MPS). Regarding the pegylated lipid MW, it has been previously reported that DSPE-PEG (2000) is able to better prolong blood circulation than DSPE-PEGs with higher MWs [39] . When DSPE-PEG 2000 was added to the PAC and RAP-loaded SPC:Chol liposomes, particle size, polydispersity index and encapsulation efficiency were not compromised, while the zeta potential was neutral due to the nature of the pegylated lipid. Because SPC:Chol:DSPE-PEG (10:2:0.5) proved to be a suitable colloidal carrier for both PAC and RAP when loaded separately, we decided to prepare a formulation with both drugs co-encapsulated, expecting that this strategy of drug combination could result in improved in vivo anticancer effect. Our results in Table 1 shows that the characteristics of the liposomes were preserved after the coencapsulation, with 73.31% and 56.32% RAP and PAC encapsulation efficiency values, respectively, exhibiting 136.95 nm particle size with 0.27 polydispersity and neutral zeta potential. Furthermore, considering the values of EE for PAC and RAP in the coencapsulated liposome, the actual ratio of encapsulated PAC/RAP is 0.56/2.20. Finally, the spherical unilamellar vesicular structure of PAC/RAP co-loaded pegylated liposomes were confirmed by TEM (Fig. 1) , in accordance with a previous observation of PAC-loaded liposomes [29] .
Compared with the blank liposome (Table 1) , the characteristics are similar to the drugloaded liposomes, especially in terms of zeta potential, considering that the molar percentage of drugs is low and the majority of the liposome is composed by SPC and Chol, which do not bear charge [26] . It can be noted, however, that the particle size increased when RAP was added, because it is present in 10mol% in the lipid bilayer.
Regarding the PdI of formulations, the co-loaded liposome had a PdI of 0.27, which is comparable to a previous report on liposomes [40] . However, a high PdI value and a heterogeneous liposomal suspension could represent a scale up challenge. An alternative for this drawback could be the increase of the number of extrusion cycles and the use of other serial extrusion membranes with smaller porosity. Furthermore, many other methods have been proposed as alternatives to produce homogeneous liposomes, besides the extrusion method, employed herein. Some examples are the homogenization techniques, such as the microfluidization and ethanol injection method, both known for the easy scale up [41] .
FTIR characterization
The occurrence of interaction between drugs and excipients and also the the nature of the drugs after encapsulation, i.e crystalline, molecular or amorphous, were investigated by infrared spectroscopy and thermal analysis. FTIR analysis is a useful tool to investigate intermolecular interactions, through shift or broadening of the bands in the spectra [42, 43] . In Fig. 2 , FTIR spectra corresponding to the drugs, blank liposome, PAC-loaded, RAPloaded and PAC RAP-loaded liposomes are represented. PAC exhibited main infrared peaks as follows: N-H stretching vibrations at 3479-3300 cm −1 , CH2 asymmetric and symmetric stretching vibrations at 2976-2885 cm −1 ; C O stretching vibration from the ester groups at 1725 cm −1 ; amide bound at around 1647 cm −1 and C N stretching vibrations around 1240 cm −1 [44] . Regarding the PAC-loaded liposomes, the characteristic peaks of PAC drug were not evident, which could be explained by drug presence as a molecular dispersion within the liposome matrix, similarly to the findings by Martins et al. who studied PAC-loaded polymeric microspheres [44] . The spectrum of RAP shows peaks at 3400, 2934, 1738, 1633 and 1444 cm −1 which can be assigned to the stretching vibrations of O H, C H, C O, C C and C H adjacent to carbonyl, respectively [45] . These bands appeared in reduced intensity in liposomes, because of due of the low percentage of drug loaded, but no other change was identified.
Thermal analysis characterization
Herein, in Fig. 3A , PAC presents an endotherm band of vitreous transition at 167 °C and an exotherm band at 234 °C, in accordance with the observations by Liggins et al. who attributed this behavior to PAC in the amorphous state [46] . These two bands disappeared in the PAC-loaded liposomes spectra, which could indicate that PAC is molecularly dispersed within the liposomes, in accordance with the FTIR data. RAP spectrum exhibited two endothermic bands at 187 and 196 °C, attributed to the crystal melting (Fig. 3A) [47] . It is important to note that RAP bands in the liposomes were more broadened, appearing at a higher temperature, suggesting that RAP was at least partially converted from the crystalline to the amorphous state in liposomes. An important consequence is that amorphous drugs are more soluble and thus could present enhanced bioavailability [43] . In some spectra in Fig.  3A we can also observe wide endotherm bands around 50 °C, attributed to water loss. Finally, TGA (Fig. 3B) evidenced that the blank liposome is thermally stable until 400 °C, whereas both PAC and RAP degrade after 200 °C. This characteristic was preserved in the liposomes, however the degradation was less pronounced due to the small amount of drugs added to the formulations.
In vitro release and colloidal stability characterization
In vitro release studies are an essential step during drug development because not only it serves for quality control of formulations, but can also reflect the in vivo performance of the product [30] . This analysis is particularly well described for PAC, considering the publications available, reporting the sustained release of PAC from nanoparticles evaluated through the dialysis method [26, 36] . PEGy-lated liposomes containing both PAC and RAP, co-encapsulated or not, presented very slow release, less than 20% of total drug after 72 h (Fig. 4A) , indicating that the drugs remained encapsulated within the liposomes, which agreed with other reports on PAC and RAP slow and incomplete release from liposomes [35, 48] . PEGylated liposomes were able to retain drugs encapsulated, creating a depot effect, similarly to the observations by Yang et al. who studied PAC-loaded liposomes [26] . They argued that within liposomes the drug could possibly be stable in the blood circulation and would be slowly released at the tumor site, where the liposome would accumulate through the EPR effect, associated to an intravenous administration. Conversely, PAC and RAP formulated in cremophor and dehydrated ethanol solutions exhibited higher release, corresponding to approximately 80 and 50% release, respectively. Colloidal stability of the PEGlyated liposomes containing PAC and RAP was also investigated (Fig. 4B ).
The maintenance of particle size, polydispersity and encapsulation efficiency after 1 month at 4 °C proved the stability of the formulations during the period evaluated. The stability of the neutral liposomes was attributed to the presence of cholesterol. Kirby et al. investigated the in vitro and in vivo stability of neutral, negatively and positively charged unilamellar liposomes composed of egg phosphatidylcholine and cholesterol and concluded that the stability was dependent on the cholesterol content, regardless of the zeta potential. Furthermore, the authors showed that the stability of neutral liposomes at 4 °C was maintained for several days [37] .
In vitro efficacy evaluation in 4T1 breast cancer cells
The first step of the efficacy evaluation of the formulations for breast cancer was the cytotoxicity assay in 4T1, a highly metastatic mammary carcinoma cell line. Results in Fig.  5 showed that PAC is more cytotoxic than RAP and the liposomes were more cytotoxic to 4T1 cells. However, the effect of encapsulation was more evident for RAP than PAC, considering that the IC50 of the solution decreased from 1228.07 nM to 278.19 nM for RAP-loaded liposome and from 66.69 nM (PAC solution) to 46.48 nm (PAC-loaded liposome). The better cytotoxicity of liposomes was also found in another study, which reported that RAP encapsulation in both the conventional and pH sensitive liposomes enabled superior delivery and cytotoxicity to HT-29 cancer cells compared to drug in solution [49] . The better cytotoxicity achieved with liposomes might result from the enhanced cellular uptake, as already shown for doxorubicin-loaded liposomes aimed for 4T1 cell delivery [50] . Furthermore, when the two drugs were combined, it was found a potent synergism for both the solution and particularly with the co-loaded liposome (CI values corresponded to 0.73 and 0.39, respectively). Our findings agree with the potent synergism of PAC and RAP both in solution and co-loaded polymeric micelle, previously reported [9, 51] . Regarding the mechanism of the synergism between PAC and RAP, Mondesire et al. (2004) proposed that RAP treatment may enhance PAC induced apoptosis involving caspase activation, by allowing cells to progress to G 2 -M arrest, through the downregulation of the mTOR pathway [9] .
In vivo efficacy evaluation in 4T1-tumor-bearing mice
For the in vivo study, 4T1 mammary carcinoma cells were used for animal transplantation.
These cells are highly tumorigenic, invasive, and can spontaneously metastize to distant sites, including lymph nodes, blood, liver, lung, brain and bone. Therefore, 4T1 tumor has many characteristics that make it an adequate experimental model for human mammary breast cancer and has been employed for the therapeutic efficacy evaluation of drugs and nanoparticles in breast cancer [5, 32, 52] .
To determine whether the liposomal encapsulation and also the combination therapy with PAC and RAP are able to improve the therapeutic efficacy on breast carcinoma in vivo, we evaluated PAC and RAP solutions administered separately and together, PAC-loaded liposome, RAP-loaded liposome and PAC/RAP co-loaded liposome. Results in Fig. 6 shows that PAC solution had little effect on inhibiting tumor growth and was not statistically different from the negative control, confirming the results obtained by Luo et al. [5] . Conversely, 4T1-bearing tumors were more sensitive to RAP solution administration at the dose employed (15 mg/kg every 3 days), which caused a statistically significant tumor reduction compared to the negative group (Fig. 6A) , also evident from tumors visualization after biopsy (Fig. 6B) . The effect of the liposomal encapsulation as a strategy to improve the in vivo anticancer efficacy was evident for PAC, considering that the solution administration caused a 307% increase in the tumor volume at the final of the experiment compared to a 173% increase for PAC-loaded liposome, whereas in the case of RAP there was no statistical difference between the solution and the liposome group. It should be considered, on the other hand, that other benefits must be taken into account in the case of RAP encapsulation, especially the potential to prevent it from erythrocyte sequestration and chemical degradation, which altogether limit its employment in cancer therapy [18, 19] .
It is important to point out that in vitro the encapsulation in liposome enhanced the efficacy particularly for RAP, probably because the liposome improved the uptake to the cell, although PAC-loaded liposomes remained more toxic than RAP-loaded liposomes (about 6 times higher). On the other hand, in vivo, PAC-loaded liposomes better benefited from encapsulation compared to RAP-loaded liposome. The in vivo environment is more complex than the cell environment, which might sometimes be difficult to correlate. As discussed by Poondru et al. [53] , in solid tumors there might be a lack of in vitro-in vivo correlation of anticancer drugs, because drug activity is rather complex and it involves the permeability barrier to tumor cells, interstitial hypertension and the enzymatic barrier, involving metabolic degradation. In other words, we hypothesize that encapsulating PAC might better improve its pharmacokinetics compared to RAP, which could have higher relevance in terms of enhancing efficacy.
Considering that the combination therapy of two drugs with different mechanisms of action is an interesting approach to synergistically target multiple key pathways in cancer progression and also motivated by our promising in vitro results, we tested the in vivo efficacy of the drugs combined in solution and in a liposomal formulation [7, 8] . Regarding the employed ratio of PAC to RAP, it was used the theoretical ratio of 1:3 (or 0.56/2.2, considering the values of EE), resulting in the administered doses of 5 and 15 mg/kg (or 2.8 mg/kg and 11 mg/kg, considering the EE values for each drug), respectively for PAC and RAP, for each chemotherapy cycle, the same theoretical doses employed in a previous report [11] . It should be considered, however, that the volume administered in vivo was added with more formulation in order to make up for the loss of drug due to EE, resulting in the actual doses of 3.8 mg/kg and 15 mg/kg, respectively for PAC and RAP. Noteworthy, in the paper by Blanco et al., 2014 the antitumor efficacy evaluated in mice bearing MCF-7 breast tumors was superior for the 1:3 ratio compared to the 2:1 ratio of PAC:RAP, which evidences the proper selection of PAC:RAP ratio for synergism [11] . From Fig. 6 , confirming our in vitro results, it is evident that the drug combination in the liposome was better than the solution, resulting in 115% and 185% tumor increase, respectively, compared to 340% tumor increase in the negative control group at the final of the experiment. Furthermore, Fig. 6C shows decreased tumor proliferation, evaluated by anti-Ki67 antibody brown staining, for RAP and PAC/RAP solutions and liposomes, compared to the negative control.
The better results achieved of drug combination in liposome could be attributed to the enhancement of the pharmacokinetics hurdles faced by both PAC and RAP, which could be anticipated from the conversion of drugs to more soluble forms, i.e the molecular state for PAC and to the amorphous form for RAP, revealed by the FTIR and thermal analysis. Nanoparticles are also able to provide a sustained release of the entrapped drug, resulting in multiple benefits, such as the decrease of the duration/number of administrations and also continuously exposure of drug to the tumor, with positive influence on the in vivo anticancer effect [54] . Moreover, as discussed by Blanco et al. the synergistic antitumor effects of PAC and RAP could be significantly enhanced when both drugs are delivered site specifically and simultaneously to tumors, through co-delivery from nanoparticles, which supports the results obtained herein [11] . Using this combination approach, it possible to take the advantages of both PAC and RAP and also make up for the deficiencies of each other. Thus, an enhanced synergism emerges, considering that RAP is known to enhance the sensitivity to PAC and overcome its resistance [9] [10] [11] . Noteworthy, it is know that PAC suffers from efflux form the cancer cells by the P-glycoprotein pump, expressed in normal and malignant tissue [55] , which can be benefited from the property of RAP to overcome multidrug resistance by P-glycoprotein inhibition [56] . Furthermore, very advantageously, liposomal drugs have decreased susceptibility than free drugs to the efflux activity by P-glycoprotein [57] .
Finally, mice body weight and survival were monitored in order to evaluate liposome toxicity. Fig. 7 shows that there were no significant changes in mice body weight of the groups tested and although there were deaths in some groups, all the animals survived until the completion of the study in the co-loaded liposome group, suggesting minor acute toxicity. Indeed, this result was expected, considering that liposomes are regarded as one of the most biocompatible and biosafe delivery systems, which has enabled their enormous clinical success, making liposomes the most successful nanoparticles on the market nowadays for the treatment of many diseases, particularly cancer [22, 58] .
Conclusion
In this paper, it was reported for the first time the co-encapsulation of paclitaxel and rapamycin in a liposomal formulation. Our studies proved that a composition based on SPC/ Chol/DSPE-PEG (2000) enabled a satisfactory encapsulation of both drugs, with suitable particle size for parenteral drug delivery. FTIR and thermal analysis evidenced drug conversion to the more soluble molecular and amorphous forms, for paclitaxel and rapamycin, respectively. Moreover, the formulation showed excellent colloidal stability and retained drugs encapsulated, with sustained release. From our results, it was evident that both drugs acted synergistically both in vitro, in 4T1 breast cancer cell lines, and in vivo, in 4T1 tumor-bearing mice, with promising tumor growth control. We expect that the formulation reported herein provides insight in future studies aiming for the clinical use of paclitaxel and rapamycin. A represents the in vitro drug release studies done in 50 mL phosphate buffer medium supplemented with 1% sodium lauryl sulfate using dialysis membrane (12-14 kDa MWCO) under 150 rpm agitation at 37 °C, for PAC solution, RAP solution, PAC-loaded liposome, RAP-loaded liposome and PAC/RAP-loaded liposome. B represents the colloidal stability evaluation (percentage drug loading and particle size) for 30 days at 4 °C of the PAC/RAPloaded liposome. Table 1 Characteristics of liposomes: particle size, polydispersity, zeta potential and encapsulation efficiency. 
